Since they function as cell wall-loosening proteins, expansins can affect plant growth, developmental processes and environmental stress responses. Our previous study demonstrated that changes in Nicotiana tabacum a-expansin 4 (EXPA4) expression affect the sensitivity of tobacco to Tobacco mosaic virus [recombinant TMV encoding green fluorescent protein (TMV-GFP)] infection by Agrobacterium-mediated transient expression. In this study, to characterize the function of tobacco EXPA4 further, EXPA4 RNA interfernce (RNAi) mutants and overexpression lines were generated and assayed for their tolerance to abiotic stress and resistance to pathogens. First, the differential phenotypes and histomorphology of transgenic plants with altered EXPA4 expression indicated that EXPA4 is essential for normal tobacco growth and development. By utilizing tobacco EXPA4 mutants with abiotic stress, it was demonstrated that RNAi mutants have increased hypersensitivity to salt and drought stress. In contrast, the overexpression of EXPA4 in tobacco conferred greater tolerance to salt and drought stress, as indicated by less cell damage, higher fresh weight, higher soluble sugar and proline accumulation, and higher expression levels of several stressresponsive genes. In addition, the overexpression lines were more susceptible to the viral pathogen TMV-GFP when compared with the wild type or RNAi mutants. The induction of the antioxidant system, several defense-associated phytohormones and gene expression was down-regulated in overexpression lines but up-regulated in RNAi mutants when compared with the wild type following TMV-GFP infection. In addition, EXPA4 overexpression also accelerated the disease development of Pseudomonas syringae DC3000 on tobacco. Taken together, these results suggested that EXPA4 appears to be important in tobacco growth and responses to abiotic and biotic stress.
Introduction
As sedentary organisms, plants are constantly challenged by various harsh abiotic and biotic stresses, such as high salinity, drought, cold and pathogen infection. In order to acclimatize to such adverse environmental stresses, plants have evolved sophisticated perception systems to sense and react to these diverse external signals, resulting in adaptive responses that occur through physiological and morphological changes (Chisholm et al. 2006 ).
The plant cell wall (CW), a rigid, cellulose-based shape surrounding every cell, protects plants against environmental stress. As CW-loosening agents, expansins are primarily involved in the pH-dependent extension of the plant CW, which is determined by the activity of an H + -ATPase localized in the plasma membrane to pump protons into the CW, changing the pH to 4.5-5.5, and causing the CW to relax (Cosgrove 2000) . Four subfamilies of expansin genes have been identified: a-and b-expansins (EXPA and EXPB, respectively), expansin-like A (EXLA) and expansin-like B (EXLB) (Sampedro and Cosgrove 2005) . Expansins are involved in a variety of plant developmental processes, including plant leaf and root growth (Shin et al. 2005 , Goh et al. 2012 , internode elongation (Choi et al. 2003) , floral development (Takahashi et al. 2007 ) and fruit ripening (Brummell et al. 2002) .
It has been reported that expansins are associated with environmental stress tolerance in various plant species. The overexpression of a wheat expansin gene, TaEXPB23, enhanced drought tolerance (Li et al. 2011) , oxidative stress tolerance , water stress tolerance (A.X. and salt stress (Y. in transgenic tobacco. Transgenic Arabidopsis plants with a higher expression level of the rose expansin gene RhEXPA4 exhibited increased tolerance to drought and salt stress compared with the wild-type Plant Cell Physiol. 59(11): 2317 -2330 (2018 doi:10.1093/pcp/pcy155, Advance Access publication on 14 August 2018, available online at www.pcp.oxfordjournals.org ! The Author(s) 2018. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com (WT) plants (Lü et al. 2013) . Xu et al. (2014) reported that the overexpression of the grass expansin gene PpEXP1 in tobacco conferred an enhanced tolerance to heat stress (Xu et al. 2014) , while the overexpression of TaEXPB23 in tobacco did not result in an improvement in heat tolerance (Han et al. 2012) .
Additionally, several studies have indicated that expansin gene expression may be involved in plant responses to pathogens. Ding et al. (2008) reported that increased disease resistance in rice may be caused by the inhibition of expansin expression via suppressed auxin signaling, resulting in an altered CW structure that is harder for the pathogen Xanthomonas oryzae pv oryzae to penetrate (Ding et al. 2008) . The absence or down-regulation of AtEXLA2 leads to the increased resistance of Arabidopsis to Botrytis cinerea (Abuqamar et al. 2013) . Recently, Park et al. (2017) reported that Nicotiana benthamiana EXPA1, as the first plasmodesmata-specific CW-loosening protein, played an essential role in potyviral infection (Park et al. 2017) .
Our previous study suggested that the changes in the Nicotiana tabacum a-expansin 4 (EXPA4) expression level affect the sensitivity of tobacco to Tobacco mosaic virus [recombinant TMV encoding green fluorescent protein (GFP)] infection (L.-J. . In this study, to characterize further the function of tobacco EXPA4, transgenic tobacco plants, including EXPA4 overexpression and RNA interference (RNAi) mutants, were generated and assayed for their tolerance to abiotic stress and resistance to pathogen attack. This study provides further clues regarding the roles of EXPA4 in tobacco growth and its defense response to various environmental stresses.
Results

Production and identification of tobacco EXPA4 mutants and transgenic plants
To gain further insight into the EXPA4 gene function in tobacco development and responses to various stresses, first, tobacco EXPA4 RNAi mutants and overexpression lines in the N. tabacum background were generated. In order to silence the EXPA4 gene in N. tabacum, we utilized a modified RNAi approach as described previously (J.-Y. , and a total of six independent RNAi transgenic lines for EXPA4 were generated. As RNAi was most effective in the ei11# and ei13# plants ( Supplementary Fig. S1A ), we selected these two EXPA4 RNAi mutants for subsequent experiments. In addition, the fulllength tobacco EXPA4 sequence was cloned into the pZP211 vector (Zhang et al. 2014 ) and transformed into tobacco. Finally, a total of eight independent overexpressed transgenic lines for EXPA4 were generated. Two tobacco overexpression lines Oe13# and Oe17# that constitutively express EXPA4 at a higher level were selected for further study ( Supplementary  Fig. S1B) .
After approximately 40 d of growth in the soil, we noted that the RNAi plants were slightly smaller in size but showed no difference in the total number of leaves compared with the overexpression lines and the WT (Fig. 1A) . Both the overexpression lines and the RNAi mutants possessed elliptical leaves (Fig. 1A) . At this time, the root systems in the overexpression lines were more developed compared with the WT and the RNAi mutants ( Supplementary Fig. S2 ). After approximately 70 d of growth, the leaf shape in the overexpression lines looked similar to that of the RNAi plants, while the intermodal length in the RNAi plants was significantly increased compared with the overexpression lines and the WT. The leaf width in the overexpression lines was the largest, followed by the WT. The leaf size was minimal in the RNAi plants (Fig. 1B, C) . We examined whether the altered level of the EXPA4 transcript affects the flowering time of tobacco. The results showed that the RNAi plants initiated flowering at approximately 65 d postgermination, followed by the overexpression lines (Fig. 1D) . Together, these results suggested that the expression of EXPA4 correlates with normal growth and development in tobacco.
Additionally, microscopic analysis was conducted to determine whether there are differences in the tobacco leaves. Under the microscope, the leaf epidermal cells appear to be smaller and more compact in the RNAi plants than those in the overexpression lines and the WT ( Fig. 2A) . The number of pavement cells per mm 2 leaf area at the epidermis of the RNAi plants was more abundant than in the overexpression lines and the WT (Supplementary Fig. S3 ). In addition, paraffin sectioning showed decreases in cell extension in the RNAi plants. Both the palisade and spongy mesophyll cells were smaller and compact in the RNAi plants compared with the overexpression lines and the WT (Fig. 2B ).
Increased EXPA4 expression in N. tabacum promotes tolerance to salt stress
To detect the capacity of EXPA4 in salt stress tolerance, aseptic seedlings of tobacco were transferred to half-strength Murashige and Skoog (MS) agar medium with or without 150 mM NaCl. Under normal conditions, no significant difference in the root length was detected between all of these plants. Upon exposure to salt stress, the root length in all the plants was decreased (Fig. 3A, B) . The depressed root length caused by salt stress in the RNAi plants was the most significant, followed by the WT (Fig. 3A, B) . Additionally, we examined the salt tolerance of approximately 40-day-old tobacco plants grown in soil. The results suggested that the RNAi plants are the most sensitive to salt stress, with yellowing and wilting leaves. In contrast, the overexpression lines have an increased tolerance to salt stress (Fig. 4A) . Under normal conditions, the fresh weight in the overexpression lines was the highest, followed by the WT. Salt stress caused the most significant reduction of fresh weight in the RNAi plants (Fig. 4B) . In addition, the relative electrolyte leakage (Fig. 4C ) and the TBARS (thiobarbituric acid-reactive substance) contents (Fig. 4D) showed that RNAi plants suffered more severe membrane damage compared with the overexpression lines and the WT under salt stress.
To gain further insight into the possible mechanism underlying the different salt tolerance of these plants, the accumulations of known protectants, including the concentrations of soluble sugar, proline and ABA, were examined in all the plants. Before treatment, all the plants showed no significant difference in these protectants. After treatment, there were significant increases in the soluble sugar, proline and ABA contents in both the transgenic plants and the WT (Fig. 5) . Salt stress-induced accumulations of soluble sugar and proline were the highest in the overexpression lines, followed by the WT (Fig. 5A, B) . In contrast, comparing the WT and all the transgenic plants, there were minimal differences in the ABA contents induced by salt stress (Fig. 5C) .
In addition, we tested the expression levels of several stressresponsive genes. Before treatment, there was no significant difference in the expression of these stress-responsive genes except for the transcription factor genes MYB-A2 and MYB-B (Fig. 6) . After treatment, the expression levels of a salt overly sensitive (SOS) pathway gene, SOS1 (plasma membrane Na + /H + antiporter), were significantly up-regulated in all the plants, especially in the overexpression lines, while they were obviously suppressed in the RNAi plants (Fig. 6A) . Another important gene, P5CS (Á1-pyrroline-5-carboxylate synthetase), a key enzyme in proline biosynthesis, displayed a similar expression trend to SOS1 (Fig. 6B) . Additionally, there were minimal differences between the WT and transgenic plants in both the ABA2 and WRKY4 transcript levels induced by salt stress (Fig. 6C, D) . Interestingly, salt treatment down-regulated the expression levels of MYB-A2 and MYB-B, and the down-regulation was more significant in the RNAi plants compared with the WT and the overexpression lines (Fig. 6E, F ).
Increased EXPA4 expression improves the tolerance of N. tabacum to drought stress Next, we investigated whether the changes of EXPA4 transcript extended to drought stress. After drought treatment, the RNAi plants were smaller and more withered, followed by the WT. In contrast, the overexpression of EXPA4 conferred increased drought tolerance (Fig. 7A) . Drought stress caused marked decreases in the fresh weight in all the plants (Fig. 7B) , and the overexpression lines showed a higher fresh weight than the WT and RNAi plants under drought stress (Fig. 7B) . The RNAi qRT-PCR analysis of the transcript levels of several stress-responsive genes in tobacco EXPA4 overexpression lines and RNAi mutants irrigated with 2 M NaCl for 1 week. Relative expression levels were normalized using EF1a as a reference gene. Significant differences are denoted as different lower case letters.
plants and the WT suffered more severe membrane damage compared with the overexpression lines under drought stress (Fig. 7C, D) . With subsequent watering, the RNAi plants remained wilted, while the WT restored normal growth (Fig. 7E) , confirming that the RNAi plants have increased sensitivity to drought stress.
Drought treatment induced soluble sugar accumulation in all the plants, and soluble sugar accumulation was more abundant in the overexpression lines compared with the WT and RNAi plants (Fig. 8A) . The accumulation of proline and ABA displayed similar tendencies to the soluble sugar accumulation (Fig. 8B, C) . Under normal conditions, the changes of EXPA4 expression in tobacco had no significant effects on the accumulation of soluble sugar, proline and ABA (Figs. 5, 8) .
Additionally, we measured the expression levels of several stress-responsive genes in all plants. The expression levels of ERD10C, P5CS, ABA2 and WRKY4 were significantly up-regulated by drought treatment compared with the mock-treated groups ( Fig. 9A, D) . The transcripts levels of ERD10C and P5CS induced by drought stress were far more abundant in the overexpression lines, followed by the WT (Fig. 9A, B) . In contrast, the expression levels of ABA2 and WRKY4 induced by drought stress displayed minimal difference in the WT and RNAi plants, which still showed the highest level in the overexpression lines (Fig. 9C, D) . MYB-A2 and MYB-B expression was down-regulated by drought stress, and the down-regulation induced by drought stress was the most significant in the RNAi plants, followed by the WT (Fig. 9F, D) . In the mock groups, we noted that the expression levels of ERD10C, P5CS, MYB-A2 and MYB-B were slightly increased in the overexpression lines.
Increased EXPA4 expression enhances the sensitivity of N. tabacum to TMV Disease resistance tests were performed on the transgenic plants using TMV-GFP. The inoculated leaves of overexpression lines exhibited more sensitivity to TMV compared with the WT and RNAi plants. Virus accumulation was confirmed using the direct observation of GFP fluorescence. Extensive green florescence was observed in the overexpression lines compared with the WT and RNAi plants, which displayed relatively few fluorescent areas (Fig. 10A ). Particularly at 7 days postinoculation (d.p.i.), the inoculation of the overexpression plants with TMV-GFP caused several brown necrotic areas on the inoculated leaves but not on the WT and RNAi plants. The quantitative real-time PCR (qRT-PCR) analysis indicated that the expression of the TMV-coat protein (CP) gene in the overexpression lines was much higher than that in the WT and RNAi plants (Fig. 10B) . Similar results were observed using Western blot analysis to detect viral CP levels (Fig. 10C) . Fig. 9 qRT-PCR analysis of the transcript levels of several stress-responsive genes in tobacco EXPA4 overexpression lines and RNAi mutants before and after drought treatment. Relative expression levels were normalized using EF1a as a reference gene. Significant differences are denoted as different lower case letters. Additionally, the virus contents were slightly decreased in the RNAi mutants compared with the WT. Significantly, at 10 d.p.i., brown necrotic areas in the overexpression plants were significantly larger than those that appeared on the WT and RNAi plants ( Supplementary Fig. S4A ). The infection site numbers were also highest in the inoculated leaves of the overexpression lines ( Supplementary Fig. S4B ). Together, compared with the WT and RNAi plants, the overexpression lines had decreased tolerance to TMV, which was also indicated by changes in the relative electrolyte leakage (Fig. 10D ) and the TBARS contents (Fig. 10E) .
Pathogens, including viruses and fungi, can disturb PSII photochemistry and induce photoprotective mechanisms. As shown in Supplementary Fig. S5 , F v /F m (the maximal quantum efficiency of PSII) and ÈPSII (the quantum efficiency of PSII) decreased after virus infection in all the plants, and the decrease was sharper in the overexpression lines but milder in the RNAi plants compared with the WT. Notably, in all the mock-inoculated groups, barely any differences in these parameters were observed between the WT and transgenic plants ( Supplementary Fig. S5 ).
EXPA4 affects stress damage and the antioxidant system in tobacco response to TMV Reactive oxygen species (ROS) act as second messengers in various stress responses. The inoculation of TMV resulted in superoxide [stained by nitroblue tetrazolium (NBT)] and H 2 O 2 [stained by 3',3-diaminobenzidine (DAB)] accumulation in both the WT and transgenic plants. However, in the virus-inoculated groups, the superoxide accumulation was significantly more abundant in the overexpression lines, followed by the WT (Fig. 11A) . The H 2 O 2 accumulation displayed tendencies similar to those of the accumulation of superoxide (Fig. 11B) . The transcriptional levels of the respiratory burst oxidase homolog D gene (RbohD) in TMVinoculated overexpression lines were also higher than those in the WT, and they were lowest in the RNAi plants (Fig. 11C) . The activities of ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD) significantly increased in TMV-inoculated plants compared with the mock-inoculated plants. The increase in the activities of ROS-scavenging enzymes induced by TMV-GFP was highest in the RNAi plants, followed by the WT (Fig. 11D-G) , except that the POD activity in the RNAi plants and the WT showed no difference (Fig 11F) . The transcript levels of the genes that regulate the ROS-scavenging enzymes displayed similar tendencies to the activities of the ROS-scavenging enzymes (Fig. 11H-K) .
Involvement of several defense-associated phytohormones, and gene expression in EXPA4 transgenic tobacco against TMV To investigate whether EXPA4 affects defense-related phytohormones in tobacco induced by TMV, we quantified the contents of salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) in different groups. There were no significant differences in the SA accumulation in all the mock-inoculated plants (Fig. 12A) . In the virus-inoculated groups, TMV infection caused an increase in the SA accumulation, and the RNAi plants displayed the highest increase in SA content, followed by the WT (Fig. 12A ). There were minimal differences in the total JA accumulation in all the plants inoculated with virus, while the relative increase induced by TMV in the RNAi plants was much higher than those in the overexpression lines and the WT (Fig. 12B) . The accumulation of ET was also induced by viral inoculation, and showed the highest level in the overexpression lines (Fig. 12C) . In contrast, there were no significant differences between the RNAi plants and the WT after viral inoculation (Fig. 12C) .
Since cytokinin (CTK) and auxin can strongly affect plant growth and also function as important defense regulators in plants (Giron et al. 2013) , CTK accumulation was significantly up-regulated by TMV in all the plants. Compared with the SA or ET induced by TMV, there were only minor differences in the CTK induced by TMV in these plants (Fig. 12D) . In the mockinoculated groups, IAA accumulation was slightly up-regulated in the overexpression lines compared with the RNAi plants and the WT (Fig. 12E) . However, the accumulation of IAA induced by TMV was dramatically increased in the overexpression lines and significantly depressed in the RNAi plants compared with the WT (Fig. 12E) . These results indicated that EXPA4 affects defense-related phytohormones in N. tabacum induced by TMV.
Next, the transcript levels of known defense-related genes were investigated in different groups. The expression levels of the non-expresser of the PR gene (NPR1) and the pathogenesisrelated genes (PR1, PR2 and PR5) in virus-inoculated plants were clearly higher than those of the mock-inoculated plants. The TMV-induced up-regulation of these genes was significantly increased in the RNAi mutants but suppressed in the overexpression lines compared with the WT (Fig. 13A-D) . As regulators of NPR1 and PR genes, the TGACG motif-binding transcription factors (TGA) are also involved in plant defense responses (Kesarwani et al. 2007 ). The expression of TGA1 and TGA2 displayed tendencies similar to those of the PR genes (Fig. 13E, F) . In contrast, the expression of TGA10 after TMV inoculation showed minimal differences between the EXPA4 transgenic plants and the WT (Fig. 13G) . In addition, the changes of EXPA4 expression in tobacco had no notable effects on the expression levels of CORONATINE INSENSITIVE 1 (COI1) and plant defense factor (PDF1.2) induced by TMV (Fig. 13H, I ).
Previous studies have shown that CW-associated protein kinases (WAKs) and cell wall-associated kinase-like genes (WAKLs) may be involved in pathogen defense responses (Meier et al. 2010 ). Our results indicated that the expression levels of WAKL1 and WAKL2 in all the plants were induced by TMV inoculation. In contrast, RNAi plants have the highest WAKL gene expression levels induced by the virus (Fig. 13J,  K) . Notably, in the mock inoculation groups, WAKL gene expression levels, especially that of WAKL1, were significantly upregulated in the overexpression lines but depressed in the RNAi plants compared with the WT. Actually, Lally et al. (2001) reported that the WAKs serve a vital role in cell elongation, and are required for plant development (Lally et al. 2001 ).
Increased EXPA4 expression accelerates the disease development of Pseudomonas syringae DC3000 on N. tabacum
To correlate further the expression of EXPA4 with its function in tobacco defense, the responses of the overexpression lines, RNAi plants and WT to the hemi-biotrophic bacterial pathogen Pseudomonas syringae DC3000 (Pst DC3000) were examined. At 2 d.p.i., Pst DC3000 infection showed no expansion, and the RNAi plants lacked obvious brown necrotic areas in the leaves. Brown necrotic areas in the overexpression lines were significantly larger than those which appeared on the WT leaves (Fig. 14A) . Additionally, the overexpression lines supported significantly higher bacterial proliferation than did the WT and RNAi plants (Fig. 14B) . Both symptom development and the growth of the bacteria suggested that overexpressing EXPA4 in N. tabacum increased the sensitivity of plants to Pst DC3000.
Discussion
Numerous studies have shown that the expression of expansins correlates with plant growth and development. The overexpression of expansins usually resulted in an increased size of plant organs (Gray-Mitsumune et al. 2008 , Goh et al. 2012 , Kuluev et al. 2014 . The silencing of NbEXPA1 inhibited plant growth and induced leaf yellowing in N. benthamiana (Park et al. 2017) . However, there is evidence that expansins have negative effects on plant growth (Rochange et al. 2001 , Abuqamar et al. 2013 . In this study, increased EXPA4 expression in tobacco promoted the growth of leaves (Fig. 1A) . Even in the flowering phase, the overexpression lines were the strongest (Fig. 1B) . Microscopic analysis also indicated that the gene Fig. 13 qRT-PCR analysis of the expression of defense-related genes in TMV-inoculated tobacco at 5 d.p.i. Relative expression levels were normalized using EF1a as a reference gene. Significant differences are denoted as different lower case letters.
EXPA4 could be required for cell extension in the N. tabacum leaves (Fig. 2) . In contrast, the EXPA4 transcript level has no significant effect on the PSII photochemistry activity of tobacco ( Supplementary Fig. S5) . The AtEXLA2 transcript level affected the flowering time of Arabidopsis (Abuqamar et al. 2013) , and our results suggested that changes in EXPA4 expression also significantly affect the flowering time of tobacco (Fig. 1) . Additionally, the leaf size and root length of both the overexpression lines and the RNAi plants have no significant differences during the relatively early growth stage (Fig. 3A) . However, tobacco phenotypic traits, including leaf size and root length, were significantly affected by the EXPA4 transcript level during the middle and the late growth stages (see Fig. 1 ; Supplementary Fig. S2 ), suggesting that EXPA4 has different effects on tobacco growth and development during different growth stages. In support of this hypothesis, previous studies reported that different expansin genes have varying transcript levels in different plant organs and in different stages of plant growth and development (Goh et al. 2012 , Abuqamar et al. 2013 , Kuluev et al. 2014 .
As plant CW-remodeling proteins, expansins play an orchestrated role in the response of plants to various abiotic stresses (Li et al. 2011 , Han et al. 2012 , Lü et al. 2013 . It has been suggested that salinity primarily reduces shoot growth by inhibiting cell division and elongation (Geilfus et al. 2010) . As a major element of the CW, expansins are associated with the maintenance of root elongation in rice (Yang et al. 2004) . The reduction of the root length caused by salt stress was relatively slight in the EXPA4 overexpression lines (Fig. 3A) . We hypothesized that the overexpression of EXPA4 could be associated with the maintenance of root elongation under salt stress. In soil with high salt concentrations, the overexpression lines displayed an increased tolerance (Fig. 4) , which reinforced the idea that EXPA4 has a positive role in the response of tobacco to salt stress. In addition, polyploids often exhibit higher tolerance ability under abiotic stress, which may relate to the increase in cell size in these plants (Chao et al. 2013) . Changes in the EXPA4 expression level in tobacco may also affect the responses of tobacco to salt stress indirectly through the control of cell size.
Soluble sugar and proline frequently correlate with the tolerance of many plant species to environmental stress (Hassine et al. 2008 , J.B. Li et al. 2015 . The relatively high levels of soluble sugar and proline accumulation induced by stress in the tobacco EXPA4 overexpression lines could be attributed to the increased tolerance of tobacco to salt and drought stress. As an important phytohormone, ABA plays a critical role in the response of plants to abiotic stress (Singh et al. 2015) . In this study, ABA accumulation in the overexpression lines induced by drought stress was much higher than that in the WT and RNAi plants (Fig. 8C ), while the EXPA4 expression level had minimal effects on the ABA accumulation in tobacco induced through salt stress (Fig. 5C) . These results suggested that overexpression in EXPA4 may have positive effects on the action of ABA in N. tabacum induced through drought stress but not through salt stress.
The transcript abundance of the SOS pathway genes is correlated with salinity tolerance in wheat (Lekshmy et al. 2015) . Tobacco, rice and sugarcane plants overexpressing the Vigna aconitifolia P5CS gene accumulated high levels of proline, which has been positively correlated with the salt stress tolerance of these transgenic plants (Kumar et al. 2010 , Guerzoni et al. 2014 , and the expression of P5CS also has positive effects on plant responses to drought stress (Wei et al. 2016) . ERD10C is induced by drought stress in tobacco (Kasuga et al. 2004 ), and the high expression level of ERD10C confers an increased tolerance to stress (Wu et al. 2008) . We hypothesized that a relationship exists between the high expression levels of these genes and the increased salt or drought tolerance in the EXPA4 overexpression lines. Stress-inducible transcription factors are important regulators of the stress response (Roy 2016) . In this study, WRKY4 expression was induced by abiotic stress and not affected by the EXPA4 transcript level. However, the MYB expression levels were down-regulated by abiotic stress, especially in the RNAi plants, and this finding may relate to the repressed expression levels of defense genes in RNAi plants under stress. Thus, it is conceivable that EXPA4 may be involved in salt and drought stress response via changes in the expression levels of some stress-responsive genes. The detailed mechanics of the EXPA4 gene in conferring increased tolerance to various abiotic stresses in tobacco still require further investigation.
With the exception of abiotic responses, overexpressing EXPA4 increased the sensitivity of tobacco to the viral pathogen TMV and the bacterial pathogen Pst DC3000. A rigid CW can resist pathogen attacks by forming an impenetrable physical barrier, while a loose CW can make the cells vulnerable to biotic colonization (Houston et al. 2016 ). Since EXPA4 determines the CW properties and induces CW extension, it is highly probable that the changes in expression of this gene influence the mechanical properties of the CW and the sensitivity of plants to wounding. The epidermal cells were more compact in the RNAi plants compared with overexpression lines and the WT (Fig. 2) , and this may lead to a reduction in the overall probability of pathogens entering the cell. In contrast, EXPA4 overexpression lines with a loosened CW were highly sensitive to wounds, making them vulnerable to pathogen inoculation and entry compared with the WT and RNAi plants.
Normally, virus infection is likely to affect many physiological properties of the host plants, including the protection of the photosystem, cell damage, antioxidant system, defenseassociated phytohormones and gene expression, and these changes were reflected in this study. The damage caused by the virus was the most serious in the overexpression lines, and several defense-related pathways induced by the virus were significantly depressed in the overexpression lines. Notably, these physiological properties were not obviously affected by changes in the EXPA4 expression level in tobacco without virus inoculation, suggesting that the effects of EXPA4 on the sensitivity of tobacco to TMV did not directly change the endogenous antioxidant system or other defense pathways. The CW is the first protective barrier of plants against pathogens, and we propose that the changes in EXPA4 expression affect the properties of the tobacco CW, subsequently inducing the changes in defense-related pathways in tobacco with a different accumulation level of pathogens.
Considering that tobacco EXPA1 and EXPA4 belong to different subgroups (Gray-Mitsumune et al. 2008) , they may play different roles against different pathogens in tobacco. The results showed that tobacco EXPA4 overexpression lines are more sensitive to both the viral pathogen TMV and the bacterium Pst DC3000. Recently, Park et al. (2017) demonstrated that NbEXPA1 is recruited to the viral replication complex via the interaction with NIb, the only RNA-dependent RNA polymerase of Turnip mosaic virus (TuMV). The silencing of NbEXPA1 inhibited TuMV infection, while the overexpression of NbEXPA1 promoted viral replication and intercellular movement in N. benthamiana (Park et al. 2017 ). These results suggested that both the tobacco EXPA1 and EXPA4 are involved in the tobacco response to pathogens. Whether NtEXPA4 shares a similar mechanism to NbEXPA1 in tobacco against pathogens merits further investigation.
Overall, the results presented in this study indicated that EXPA4 is involved in the normal growth and development of N. tabacum. In addition, it was demonstrated that EXPA4 has an essential role in the tolerance of tobacco to abiotic stress and also suggested that EXPA4 plays a negative role against TMV and Pst DC3000 in tobacco. Whether the tobacco EXPA4 transcript affects other pathogens of tobacco, such as fungi and herbivores, also merits further investigation. It would be interesting to determine the role of tobacco EXPA4 in the growth and defense response of other species of plants to various environmental factors.
Materials and Methods
Construction of the RNAi vector, plant transformation, regeneration, selection and identification
The recombinant vector pRNAi-LIC-EXPA4 was used to produce tobacco EXPA4 mutants via the Agrobacterium-mediated transformation method as previously described . The construction of the RNAi vector, plant transformation, regeneration, selection and identification were similar to the methods described by L-Y . The primer sequences used in vector construction are shown in Supplementary Table S1 .
Construction of the overexpression vector and generation of transgenic tobacco
To generate overexpression plants, the full-length tobacco EXPA4 (accession No. AF049353) cDNA fragment was amplified and inserted into the pZP211 vector (Zhang et al. 2014 ). Subsequently, the recombinant plasmids were transformed into Agrobacterium strain GV2260, and the Agrobacterium-mediated leaf disc method was used to generate transgenic tobacco. Transgenic plants were selected on MS medium supplemented with kanamycin, and the overexpression lines were identified by qRT-PCR using the primers shown in Supplementary Table S1 .
Plant cultivation and pathogen inoculations
Tobacco EXPA4 RNAi mutants, overexpression lines and WT plants were grown in a temperature-controlled growth chamber at an irradiance of 60 mmol m -2 s -1 on a 12 h light/12 h dark cycle with an average temperature of 23 C. Tobacco seedlings at the five-leaf stage were used for the pathogen treatments.
Two leaves from the bottom insertions were mechanically inoculated with TMV-GFP as described previously (González-Jara et al. 2004) . The viral isolates of TMV-GFP were maintained in an aqueous suspension of 0.02 M sodium phosphate buffer (PBS) at 4 C, which was obtained from Iowa State University, Iowa, USA. Two leaves of each tobacco plant were inoculated with TMV-GFP. PBS buffer without virus was rubbed onto the leaves as a control.
The hemi-biotrophic bacterial pathogen Pst DC3000 was grown overnight in liquid King's B medium (King et al. 1954 ) containing 50 mg ml -1 rifampicin. The bacterial cells were collected and resuspended in 10 mM MgCl 2 . Two upper leaves of 5-week-old plants were pressure-infiltrated with bacterial suspension (Liu et al. 2013) . Two leaves of each tobacco plant were pressure-infiltrated with 10 mM MgCl 2 buffer without bacteria as a control.
Morphological analysis of transgenic lines
Several morphological analyses were performed on plants in different growth stages. For statistical analyses, at least 10 different plants were measured. The root elongation, leaf length, leaf width and internodal length were measured using IMAGE J software (https://imagej.nih.gov/ij/).
Microscopic analysis and paraffin sections
The leaf epidermal cells of tobacco were examined by microscope (Leica M205 FA). Paraffin sections were collected as previously described with several modifications (Ji et al. 2014) .
GFP imaging
GFP florescence was photographed under UV light using a Canon G11 digital camera and a B-100AP long wave UV lamp (Ultra-Violet Products).
Analysis of RNA and determination of gene expression
Total RNA was isolated as previously described . All the RNA samples were treated with DNase I prior to PCR. The first-strand cDNA was prepared using the ReverTra Ace kit (Toyobo). All the gene expression levels were measured by qRT-PCR as previously described . EF1a (encoding the elongation factor 1a gene) was used as the reference gene. All the primers are shown in Supplementary Table S1 .
Protein extraction and Western blot analysis
Total protein was extracted using extraction buffer [50 mM Tris-HCl (pH 6.8), 5% mercaptoethanol, 10% glycerol, 4% SDS and 4 M urea] in an ice bath. The resulting slurries were centrifuged at 8,000Âg for 10 min at 4 C and the supernatants were stored at -80 C. Protein concentrations were determined using the Bradford method with bovine serum albumin as a standard (Bradford 1976) . The Western blot analysis was conducted using TMV CP-specific antisera (L.-J. ).
Analysis of transgenic plants exposed to salt and drought treatments
All the seeds were surface sterilized and plated on MS medium with 2% (w/v) sucrose and 0.8% (w/v) agar, pH 5.7 (Zheng et al. 2006) . To assay the effects of salt stress on tobacco root growth, approximately 7-day-old seedlings grown in MS were subjected to MS medium containing 150 mM NaCl for 1 week. The root elongation was measured using IMAGE J software (https://imagej.nih.gov/ ij/). Measurements were performed on 10 different plants and repeated in at least three biological replicates. Additionally, to analyze the effects of salt stress further, 40-day-old plants grown in soil were irrigated with salt solution (2 M NaCl) for 1 week. The control plants were treated with water. Drought stress treatment was performed on 40-day-old plants grown in soil. Drought stress was imposed by withholding water from the plants for at least 1 week. The control plants were well watered.
Determination of proline and soluble sugar contents
Proline content was estimated using the acid-ninhydrin method as described previously with modifications . Soluble sugar content was quantified using the anthrone-sulfuric acid assay as previously described (Yemm and Willis 1954, Takezawa et al. 2014 ).
Superoxide and H 2 O 2 staining, and measurement of Chl fluorescence parameters Superoxide and H 2 O 2 were assayed with NBT and DAB, respectively . Tobacco leaves were vacuum infiltrated with NBT (0.5 mg ml -1 ) solutions for 2 h or DAB (2 mg ml -1 ) solutions for 8 h. The leaves were then decolorized in boiling ethanol (90%) for 15 min.
After 10 min of dark adaptation, the Chl fluorescence parameters of the leaves were measured using an FMS2 fluorescence meter (PAM-2100, Walz) according to the previously described methods (Zou et al. 2016 ).
Assays for antioxidant enzymes
For the enzyme assays, 0.3 g of fresh leaf tissues was ground with 3 ml of ice-cold 25 mM HEPES buffer (pH 7.8) containing 0.2 mM EDTA, 2 mM ascorbate and 2% (w/v) polyvinylpyrrolidone. The homogenates were centrifuged at 4 C for 20 min at 12,000Âg and the resulting supernatants were used to determine the enzymatic activity. APX, CAT, POD and SOD activities were assayed as previously described (L.-J. ).
Determination of ABA, IAA, SA, JA, CTK and ET contents ABA and IAA concentrations were measured via an enzyme-linked immunosorbent assay (Teng et al. 2006 . The contents of SA, JA and CTK were quantified by HPLC-mass spectrometry from the crude plant extracts, according to previously described methods (Pan et al. 2010 . In addition, ET was extracted and determined as previously described .
Determination of bacterial growth in the inoculated plants
Two leaf discs (0.3 cm 2 each) per plant were harvested at 2 d.p.i. Samples were soaked in 70% ethanol for 30 s for surface sterilization, washed in sterile distilled water three times (30 s per time), and then homogenized using a sterile pestle and mortar with 0.9 ml of sterile distilled water. Subsequently, appropriate dilutions of the homogenized samples were plated on King's B agar supplemented with 50 mg l -1 rifampicin and incubated at 28 C. After 48 h, colonies were counted, and the Pst DC3000 density in the leaves was determined and expressed as CFU g -1 fresh leaf (FW).
Statistical analysis
The results, expressed as the means of at least three independent measurements, were statistically evaluated using SDs and one-way analysis of variance (ANOVAs). Differences were considered statistically significant when P < 0.05.
